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Abstract — In the paper, the problem of precision
improvement for the MEMS gyrosensors on indoor robots with
horizontal motion is solved by methods of TRIZ (*'the theory of
inventive problem solving™).
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I.  INTRODUCTION

The last years, indoor robots appear widely our life. There is
big necessity for mass production of cheap and qualitative
sensors being "sense organs" of the robots. To the first
applicants for this role are MEMS sensors - cheap, simple for
production, having the small size [1]. Unfortunately, they have
also serious weakness. Namely, it is low precision. It is
possible to compensate this weakness by computer processing
of output signal of sensors. However, such processing is a
complex algorithmic problem. We take a special case of this
problem - precision improvement for the MEMS gyrosensors
on indoor robots with horizontal motion. We found the
problem’s solution with application of TRIZ ("the theory of
inventive problem solving™) tools [2].

Il. STATE OF THE ART OF THE PROBLEM

The modern MEMS (Micro-electro-mechanical-system)
gyroscopes represent one of achievements of the modern
technique and are widely used for indoor robots with
horizontal motion. The gyroscope is motionlessly attached on a
robot with vertical direction of the gyroscope’s axis Z (Fig. 1).

Small, flat, and cheap sensors allow to measure angular
velocities. And on the basis of the measure, it is possible to get
angles of rotation by integration. Unfortunately, they have also
serious weaknesses. "Zero drift" is the main one. It means that
even at zero angular velocity the sensor gives non-zero
indications. This constant deviation (“zero shift”) can be
excluded by deduction of the correspondent constant (which is
measured by the sensor before the beginning of a motion).
However, the problem exists to do it because of "drifts" (i.e.
changes) of the “zero shift”. This “drift of zero” influences not
strongly measuring of angular velocity. However, “drift of

zero” strongly affects integration of angular velocities, because
of cumulative property of integration. It is possible,
complicating a construction of the sensor, considerably to
reduce the “drift of zero”. Nevertheless, it leads to the
considerable rise in price of the sensor.

Suppose that the interior structure of a gyroscope is not
known and is “black box”. It is possible to a minicomputer,
allowing to transform output signal of the gyroscope. How to
improve the precision of the sensor without changing the
interior structure of a gyroscope (and, consequently, without
complicating the sensor) by using the minicomputer only?

I1l. THE SOLUTION BY THE TRIZ METHOD (ARIZ-85 (“THE
ALGORITHM OF INVENTIVE PROBLEM SOLVING”-85) STEPS)

A. The analysis of an initial situation
Definition of the final goal for the problem solution

1) The final goal is measuring an angle of rotation with the
precision, which much exceeds much more effect, obtained by
direct integration of the measured angular velocity.

2) For the solution of the problem, it is impossible to
change the interior structure of a gyroscope. The structure is
not known and it is “black box”. It is impossible fusion with
some other sensors. The gyroscope motionlessly attached on a
robot with vertical direction of the gyroscope’s axis Z. Thus
the sensor is used for indoor robots with horizontal motion

3) Quantity indicator of effect is the measurement
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Fig. 1. Gyroscope setting on the robot.
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accuracy of a rotation angle after 10 minutes of motion for the
set of test motions.

B. The analysis of the problem
1) We write be low a requirement of a mini-problem.

The technical system for measuring a rotation angle includes

a. The system is a gyroscope with the power supply
system, capable to measure three angular velocities on
three axes (axis Z is guided vertically), a temperature
sensing device, the built - in minicomputer  for
processing a output signal

b. The interior structure of a gyroscope is a subsystem. The
subsystem is forbidden for changing. There is also no
model of a subsystem — It is “black box”.

c. Supersystem of the sensor is the indoor robot with
horizontal motion. The indoor robot consists of carcass,
engine, chassis, fan, system of dust taking, the sensors of
walls

d. Global supersystem is room with floor, walls, ceiling,
furniture, air

Our purpose is to receive a precise rotation angle without
any interior changes to the sensor. This purpose is easily
achievable by introduction of a minicomputer: the
minicomputer processes an output signal to clean "noise"
without any interior changes to the sensor. Nevertheless, there
is a following problem:

At an output of a gyroscope is a sum of the exact signal
(the angular velocity) and the noise (which perturbates the
exact signal). l.e. from the single source (the output) we need
to receive the information about two quantities, i.e. it is
necessary to find two unknown variables from single equation.
We want to find and to clean the noise from the output signal.
However, it is not clear, where the noise begins and where the
exact signal comes. Only one method exists to do it: to find
some additional information about the motion. It would give us
the additional second equation and would let us to find the
problem’s solution.

Additional "source" of the information about motion can be
some other sensor as it is recommended in [4-6].

As additional “source” of the information about motion,
we can use also fast rotation at +180° of the sensor as it is
recommended in [7]. Indeed, thus the direction of the measured
angular velocity with respect to axis Z of gyrosensor varies on
opposite. However, the noise of the gyrosensor remains
unchanged and directed along axis Z. Consequently, by this
way we sum two same useful signals and subtract two
unknown signals (noises) with opposite sign and the same
absolute values.

However, both these methods lead to complication and
the price increase of the sensor.

Thus, we can get:

Technical contradiction (TC): we want to take out the noise
from the output signal by the minicomputer. We have only one
source of the information for two variables —it is the output
signal of a gyroscope. It is not enough information for getting

both the useful signal and the noise. By introducing some
additional "source” of the information, we complicate system
and raise the price of the system.

We can reformulate this technical contradiction in two
forms:

TC1: we insert additional "source" of the information, but
we complicate system.

TC2: we do not insert additional "source" of the information
and we do not complicate thus system but then we have a big
error of the useful signal because we do not take out the noise.

2) It is necessary to take out the noise; otherwise, we have
no solution. Therefore, we select TC1 as more
appropriate contradiction.

3) In this case, "product™ is angular velocity, found by the
minicomputer from the output. "Tool" is the
minicomputer, separating the noise and the useful
signal from the output signal. “Treated object”, which
is treated by the "tool" is the output signal. This
signal is a source of the measured information about
motion.

C. The analysis of the problem model
1) The graphic representation of the
Contradiction is given on Fig. 2.
2) Transition to PC1 (to the physical contradiction).
Let us formulate the Physical Contradiction:
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Fig. 2. Gyroscope setting on the robot.



PCL1: the measuring system is complex, because additional
"source™ of the information is necessary for extraction of noise
for us. At the same time, the measuring system is simple,
because we do not use additional "source™ of the information.

3) The ideal final result

We get the additional information, which is necessary to
find the noise. However, we do not insert the additional source
of the information, which can complicate the system.

D. The resolution of the Physical Contradiction
1) Separation the inconsistent properties over time.

We can once rotate a gyroscope with some known angular
velocity and then to find precise deviation (from the angular
velocity) the by subtraction of the known angular velocity from
the output signal. In future, if we measure the same output
signal of the gyroscope we can assume that deviation is the
same and find the useful signal. This method is named
“calibration”. During the calibration we can set a wide set of
known angular velocities, then find the correspondent
deviations for these velocities, and finally to draw up the table
with correspondence between known angular velocities and
measured output signals [8-11].

However, are these deviations always identical for the same
angular velocities? The answer - "No, it is not". Actually, these
deviations depend on exterior parameter — temperature.
However, there is thermometer inside of the gyroscope.
Therefore, during calibration and drawing up of the table we
can take into account not only known angular velocity, but also
the measured temperature [8-11]. By using such methods, the
error of evaluation of the deviation considerably decreases.
Nevertheless, the error has also some component, which cans
changes for different experiments even at identical
temperatures’. How can we reduce such error?

2) Separation the inconsistent properties over space.

It would be nice, if we can use some other similar
gyroscope [4-6]. Then we would have two equations and two
variables. However, it is forbidden by requirements of the
problem. Indeed, it not completely so. The gyroscope has three
axes, and only one of them is used for measuring rotation of a
horizontal motion of the robot. The two other axes have no
useful signal. However, the vibration and the inclination of the
gyroscope axes (according to rotation axis or gravitation
direction) create noise and projection of the useful signal on
these axes also. Therefore, for each such axis we have one
equation with two unknown values (the noise and the useful
signal projection). We can include indications of these axes in
calibration tables. By such a way, we can take into account the
influence of vibrations and inclinations. l.e., "silent" axes are

! In addition, the case is possible that error depends on factor that the
device cannot measure - for example, electrical or magnetic field. In this case,
we will use technical contradiction Ne2 (TC2):”We do not insert additional
source of information. As a result, we get the simple device, but with the noise”
We can transform TC2 to physical contradiction Ne2 (PC2): “The noise exists
in the system. At the same time, the noise does not exist in the system.” \We can
resolve PC2 by separation over space — to introduce screening surface against
magnetic and electrical field.

used as a measurement device of vibrations and inclinations of
the axes of the gyroscope. We can cancel the error of angular
velocity, depending on inclinations and frequencies,
amplitudes of vibrations. By such a way, the error of
evaluation of the noise considerably decreases.
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Also separation in Fourier space can be used. For example,
using high frequencies amplitude, we can find value of
vibrations. Using low frequencies components of motion, we
can correct angular velocity by excluding some error, which is
defined by found vibration.

Nevertheless, some random component remains, which can
changes during one experiment. How can we reduce such
random noise?

E. Using standards

1) Transition to supersystem 1: Search of the missing

information in supersystem

Supersystem is the indoor robot. Theoretically, his motion is
arbitrary. Actually, for the real robot the motion is smooth [10-
11, 13-18]. To be exact, the motion can described, mainly, into
the following types:
a.  No motion case
b. Straightforward motion with constant velocity

c. Rotation at constant angular velocity without
straightforward motion
d. Rotation at constant angular acceleration without

straightforward motion

From the form of the output signals, the minicomputer can
"suggest" about type of smooth motion of the robot and this
information gives us the additional information.

This mechanism can be implemented by the help of Kalman
filte [18-24], which allows to separate random noise and a
smooth motion. Thus, random noise and a smooth motion are
described as linear mathematical models [18-24].

Using such methods, the random component of the error cam
be considerably decreased, nevertheless, it remains. Integrating
angular velocity to find angle, we summarize also this error,
therefore the error of the angle increases in time. How can we
prevent the error increase?

2) Transition to supersystem 2: Search of the missing

information in the global supersystem

The robot travels in a room. Rooms have walls, which are
orthogonal to each other. The robot travels along these walls
during most of the time. The analysis of the output signal can
help to the minicomputer to suggest when the robot travels
along one of these leading directions [25]. Thus, we can find
absolute directions (defined with respect to no-motion system),
instead of the relative directions. Reducing the error of the
angle with respect to these absolute directions, we can correct
the summarized error.

IV. THE EXPERIMENTAL EXAMPLE

Let us consider the above-described procedure for reducing
errors of some sample of gyroscope ST L3GD20 [12]. Let us
consider a simple case when the temperature (24°) and
inclination of the gyro-sensor axes were the fixed. We consider
Gyro sensor at two levels of vibrations — small and big. Small
vibration exists on rotation table. Big vibration exists on indoor
LG robot: Roboking.

Let 0", o, 0, be output angular velocities of the
gyroscope.

Before the beginning of a motion, the gyroscope should
be in no-motion state over 10 seconds. During this time, we
detect average output signal over all three axes ®mean x» ®mean ys
®mean z (iN degree/sec).

We get from the experiment that @mean ; 1S Close t0 1; ®mean
y 1S close to 0; omean x IS close to 1. However, these variables
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can change its values for different experiments over 15 %. We
correct the angular velocities over these variables:

W= mz(om)'wmean z

Oy= my(om)'wmean y

Ox= mx(om)'wmean X

For correction of random errors during no-motion, we use
the method II1.E.1). For correction of errors generated by
vibration, we use the method 111.D.2).

Let ", ©,™, 0™ be the angular velocities corrected
by the above-mentioned methods

As the corrected rotation angle ¢ is following:

0" (0)= ¢(0)=0

o (T)=lo" dtw,(t)= TsX: Noo,(i)

(P(corr) (T):J‘OT dt(DZ(CO”)(t): TsZi N(Dz(corr)(i)

where Ts=0.01 s — an interval between measurements,
N=T/T,

I(_et;s find now the updated angular velocities ®,™, ,",
(Dx corr,

For correction of random errors during no-motion, we use
the method I11.E.1).

For detection of no-motion conditions, we use the following
requirements:

|0,<0.15/\T
|0x<0.15 T
|y [<0.15/NT;

Indeed, velocity of rotation of a real robot cannot be too
small. Therefore, we can observe such too small output signal
only for no-motion case.

For no-motion conditions, we can assume that angular
velocity of Gyro sensor is equal to zero:

mz(corr)zo

Now let us consider the motion case. For correction of errors
generated by vibration, we use the method 111.D.2). Axis Z of
the gyroscope cannot be aligned exactly vertically. Therefore,
it is necessary to extract from w4 and e, the projection of the
angular velocity because of inclination:

(Dx(corr) =Wy~ Oz O

my(corr)zmy_ Oy, ®
where

ay, 15 as coefficient of the linear regression between oy 1 o,

ay; is as coefficient of the linear regression between o, u ©,

The received numerical values the following:

1) Rotation table:

o= -0.0074

ay,=-0.0013

2) Robot Roboking:

ay= 0.0141

ay,= -0.0338

Let us consider the following test for the robot motion:

The sensor motion consists of sequence of four steps:

- Left rotation on 360 degree (rotation velocity is equal to
90 degree/second)

- Delay of 0.35 second

- Right rotation on 360 degree (rotation velocity is equal to
90 degree/second)

- Delay of 0.35 second

These steps repeat 30 times

Let us give below graphs for output signals of the gyroscope:
on the robot (Fig. 3) and on the rotation table (Fig. 4)

We can use the axes X and Y as measure device for
vibration amplitude (in case of motion)

From Fig. 3 and Fig. 4 we can see that

1) The vibration results in random noise. The noise
amplitude will increase if the vibration increases.

2) The systematic shift of angular velocity appears
during vibration. However, this shift is almost independent on
the vibration amplitude. The shift is approximately equal to
<O > 0rmean x ANA <0, P> 2-@yean y fOr axes X and Y
correspondently.

It is visible, that the amplitude of random noise can be
measure of vibration amplitude (vibr):
vibr= < ((DX(CO")-<(DX(C0")>)2>
or
vibr= < ((Dy(corr)_ <(Dy(corr)>)2>
Experiment demonstrates that the correction that is
necessary to compensate vibration noise, can be described by a
constant bias. The constant bias is independent of current
angular velocity and determined only by vibration,
temperature, inclination and ®mean 2.
Let us write it as the following formula:
a) For no-motion conditions:
(DZ(CO"):O
b) For the case of motion:
@z(corr): 07+ k(temp, Omean 2, Vibr, Oy, vaz)
1) For big vibrations of the robot vibr_Roboking:
k(240C3 Omean z, Vibr_Robokings Olxz, ayz)='0-37+03mean z
a) For no-motion conditions:
(Dz(corr):o
b) For the case of motion:
@M= @+ k(temp, Omean 2, Vb, 0, 07)= ©,9-0.37
2) For small vibrations of the rotation table vibr_gr:
k(240C’ Omean 22 VIDI_gr, Oz, 01yz)='1+(1)mean z
a) For no-motion conditions:
(Dz(corr):o
b) For the case of motion:
@M= @+ K(temp, Omean 2, Vb, 0, )= @, -1
Let us note that for small vibrations the final correction
is -1 for output angular velocity ©,°*". It is close to - mean 2.

V. CONCLUSION

We solved the problem of the increase of the
precision for MEMS Gyro sensors for indoor robots with
horizontal motion. We can by using TRIZ’s methods not only
"develop" earlier-known algorithms, but also develop
essentially new algorithms which eliminates noise, generated
by vibrations, inclination and temperature. We developed the
original algorithm when we use "silent" horizontal axes as
measure devices of vibration and inclination. Indeed, we
demonstrate that this algorithm can eliminate noise, generated



by vibrations in real experiments (for fixed temperature and
inclination).

ACKNOWLEDGMENT

We thank Kudryavtsev Alexander Vladimirovich for his
very useful comments about this paper.

REFERENCES

[1] Naser El-Sheimy and Xiaoji Niu, “The Promise of MEMS to the
Navigation Community”, InsideGNSS, March-April 2007

[2] Genrich Altshuller, And Suddenly the Inventor Appeared,
Translated by Lev Shulyak, Worcester, MA: Technical
Innovation Center, 1994

[3] Harvey Weinberg, “Gyro Mechanical Performance: The Most
Important Parameter”, Analog Devices Inc., Technical Article
MS-2158, http://www.analog.com/static/imported-
files/tech articles/MS-2158.pdf

[4] Yigiter Yuksel, Naser EI-Sheimy, and Aboelmagd Noureldin,
“Error Modeling and Characterization of Environmental Effects
for Low Cost Inertial MEMS Units”, IEEE/ION Position
Location and Navigation Symposium (PLANS), 4-6 May 2010

[5] Y. Yuksel, N. EI-Sheimy and A. Nouerldin, “A New Autoregressive
Error Modeling Method Based on Wavelet Decomposition for
MEMS Inertial Sensors”, 22nd International Meeting of the
Satellite Division of The Institute of Navigation, Savannah, GA,
22-25 September 2009

[6] Honglong Chang, Liang Xue, Wei Qin, Guangmin Yuan, and
Weizheng Yuan, “An Integrated MEMS Gyroscope Array with
Higher Accuracy Output”, Sensors, vol. 8, pp. 2886-2899, 2008

[7] Rumen Arnaudov, Yasen Angelov, “Improvement in the Method for
Bias Drift Compensation in Micromechanical Gyroscopes”,
Radioengineering, vol. 14, N. 2, JUNE 2005

[8] Hakyoung Chung, Lauro Ojeda, and Johann Borenstein, “Sensor
fusion for Mobile Robot Dead-reckoning With a Precision-
calibrated Fiber Optic Gyroscope”, IEEE International
Conference on Robotics and Automation, Seoul, Korea, pp.
3588-3593, 21-26 May 2001.

[9] Lauro Ojeda, Hakyoung Chung, and Johann Borenstein, “Precision-
calibration of Fiber-optics Gyroscopes for Mobile Robot
Navigation”, Proceedings of the 2000 IEEE International
Conference on Robotics and Automation, San Francisco, CA, pp.
2064-2069, 24-28 April 2000.

[10] Sung Kyung Hong and Young-sun Ryuh, “Heading Measurements
for Indoor Mobile Robots with Minimized Drift using a MEMS
Gyroscopes”, Robot Localization and Map Building, 2010

[11] Sung Kyung Hong and Sungsu Park, “Minimal-Drift Heading
Measurement using a MEMS Gyro for Indoor Mobile Robots”,
Sensors, vol. 8, pp. 7287-7299, 2008

[12] Gyro sensors ST L3GD20 specifications.

[13] Johann Borenstein and Lauro Ojeda, “Heuristic reduction of gyro
drift in vehicle tracking applications”, Int. J. of Vehicle
Autonomous Systems, vol. 2, N. 1/2, 2009, pp. 78-98 (Tracking,
Proceedings of the the SPIE Defense, Security + Sensing,
Conference  7305: Sensors, and Command, Control,
Communications, and Intelligent (C3l) Technologies for
Homeland Security and Homeland Defense VIII, Proc. SPIE Vol.
7305, Orlando, FL, April 2009

[14] Johann Borenstein and Lauro Ojeda, Heuristic Drift Elimination for
Personnel ~ Tracking Systems, THE JOURNAL OF
NAVIGATION (2010), 63, 591-606

[15] Johann Borenstein, Lauro Ojeda, and Surat Kwanmuang,
“Heuristic Reduction of Gyro Drift in IMU-based Personnel
Tracking Systems” the SPIE Defense, Security + Sensing,
Conference 7306A: Optics and Photonics in Global Homeland
Security V, Orlando, FL, April 13-17, 2009. Reference: Proc.
SPIE Vol 7306A

[16] Johann Borenstein, Lauro Ojeda, and Surat Kwanmuang,
“Heuristic Reduction of Gyro Drift For Personnel Tracking
Systems”, Journal of Navigation, vol .62, No 1, pp. 41-58,
January 2009

[17] Huaming Qian, Quanxi Xia, Biao Liu, Di An, and Xuefeng Peng,
“Fuzzy Heuristic Reduction of Gyro Drift in Gyrobased Mobile
Robot Tracking”, IEEE International Conference on information
Engineering and Computer Science, 2009

[18] Billur Barshan and Hugh F. Durrant-Whyte, “Evaluation of a Solid-
state Gyroscope for Robotics Applications”, IEEE Transactions
on Instrumentation and Measurement, vol. 44, N. 1, February
1994.

[19] Katsu Yonezawa and Reduced-Order Kalman “Filtering with
Incomplete Observability”, J. guidance and control, vol. 3, N. 3,
p. 280

[20] Vaibhav Saini, S C Rana, MM Kuber, “Online Estimation of State
Space Error Model for MEMS IMU”, Journal of Modelling and
Simulation of Systems, Vol.1, Iss.4, pp.219-225, 2010

[21] Quang M. Lam, Nick Stamatakos, Craig Woodruff, and Sandy
Ashton “Gyro Modeling and Estimation of Its Random Noise
Sources”, AIAA Guidance, Navigation and Control Conference
and Exhibit, Austin, Texas, 14 August 2003.

[22] Quang M. Lam, Tomas Wilson Jr., Ronald Contillo, and Darrin
Buck, “Enhancing MEMS Sensor Accuracy Via Random Noise
Charactirization and Calibration, Sensors, and Command,
Control, Communications, and Intelligence (C3I) Technologies

for Homeland Security and Homeland Defense IlI, E. M.
Carapezza, ed., Proc. of SPIE Vol. 5403, SPIE, Bellingham, WA,
2004

[23] Quang M. Lam, Jonathan Lakso, Teresa Hunt, and Peter
Vanderham, “Enhancing Attitude Estimation Accuracy Via
System Noise Optimization”, Sensors, and Command, Control,
Communications, and Intelligence (C3l) Technologies for
Homeland Security and Homeland Defense 111, E. M. Carapezza,
ed., Proc. of SPIE Vol. 5403, SPIE, Bellingham, WA, 2004

[24] Quang M. Lam and John L. Crassidis, “Precision Attitude
Determination Using a Multiple Model Adaptive Estimation
Scheme”, IEEE Aerospace Conference, paper #1439, Version 8,
Updated Dec 8, 2006

[25] Johann Borenstein, Adam Borrell, Russ Miller, David Thomas,
“Heuristics-enhanced Dead-reckoning (HEDR) for Accurate
Position Tracking of Tele-operated UGVs”, Proceedings of the
SPIE Defense, Security + Sensing; Unmanned Systems
Technology XII, Conference DS117: Unmanned, Robotic, and
Layered Systems. Orlando, FL, April 5-9, 2010


http://www.analog.com/static/imported-files/tech_articles/MS-2158.pdf
http://www.analog.com/static/imported-files/tech_articles/MS-2158.pdf

